Abstract. The premalignant potential of Peutz-Jeghers syndrome (PJS) hamartomas has not been established. The major gene responsible for PJS is LKB1. LKB1 has a complex cellular role, therefore, the exact role of LKB1 in PeutzJeghers syndrome hamartomas (PJSs) is particularly difficult to understand. It has recently been found that LKB1 functions in the Wnt pathway in Xenopus during early development. Aberrant ß-catenin expression, the key regulator of the activated Wnt/ß-catenin signaling pathway, appears to stimulate interferon-induced gene 1 (IFITM1) products in intestinal tumorigenesis. Both contribute to intestinal tumor formation and tumor progression. This study was designed to investigate expression of LKB1, ß-catenin and IFITM1 in PJSs, colorectal adenomas (CRAs), colorectal carcinomas (CRCs) and normal colorectal mucosas (NCs) using RT-PCR and immunohistochemistry. Immunofluorescence was used to assess the co-expression characteristics of ß-catenin and IFITM1. Results showed that the expression profiles of LKB1, ß-catenin and IFITM1 in PJSs were similar to those in CRAs both at the mRNA and protein levels. The cytoplasmic level of ß-catenin expression correlated strongly with LKB1 and IFITM1 expression in the tumor cells. The dyregulation of ß-catenin was found in a majority (16/20) of the PJS polyps. Immunofluorescence also revealed co-expression of ß-catenin and IFITM1 in the cytoplasm of the PJSs. These findings suggest that Wnt signaling may be activated in a subset of PJSs, and activation of the Wnt/ß-catenin signaling in PJS polyps may be caused by LKB1 expression. The activated ß-catenin signaling pathway including IFITM1 might play an important role in a subset of PJS polyps.
Introduction
Hamartomatous polyps arising in PJS patients are generally considered to lack premalignant potential although rare neoplastic changes in these polyps and an increased gastrointestinal cancer risk in PJS are well documented (1) . The constellation of anomalies associated with PJS in humans such as gastrointestinal polyps and epithelial tumorigenesis points to a complex function for LKB1 in various cellular processes (2, 3) . It has been reported that no correlation exists between the LKB1 mutation and the incidence of cancer (4, 5 ). Yet, several candidate genes are still under investigation which work alone or in concert with the LKB1 gene (6, 7) . Mechanisms underlying the development of hamartomas and carcinomas are still not fully elucidated (8) .
LKB1 has a complex cellular role. It was first identified as a tumor suppressor gene through its association with PJS. To date, the role of LKB1 in cancers is still unknown (9) . It has been recently suggested that LKB1 is essential to protect cells from apoptosis under energy stress (10) (11) (12) . LKB1 is involved in diverse signaling molecules, and studies of the Xenopus LKB1 homolog XEEK (Xenopus early embryonic kinase) support a model in which LKB1 cooperates with the Wnt pathway through its interaction with GSK-3ß (13) . Constitutive activation of the Wnt pathway results in the expression of oncogenic genes (14) . It is widely accepted that the Wnt/ß-catenin pathway plays an important role in colorectal tumorigenesis (15, 16) . Aberrant ß-catenin expression, the key regulator of the activated Wnt/ß-catenin signaling pathway, might stimulate interferon-induced gene 1 (IFITM1) products. Up-regulation of IFITM1 appears to be an early event in ß-catenin intestinal tumorigenesis. IFITM1 may serve as a downstream regulator of ß-catenin in Wnt signaling (17, 18) . IFITM1 is specifically induced in colorectal tumors and modulates the invasiveness of gastric ONCOLOGY REPORTS 23: 1569 -1576 , 2010 Wnt signaling may be activated in a subset of Peutz-Jeghers syndrome polyps closely correlating to LKB1 expression (19) . The pathogenesis of PJS may involve dysregulation of the Wnt signaling pathway (20) . Nevertheless, the expression of IFITM1 in cancer is poorly understood, and the regulatory mechanisms behind ß-catenin accumulation in PJS are still unclear. Previous studies have found that up to 85% of all sporadic colorectal cancers have mutations in APC (14) , which is the main cause of ß-catenin activation in colorectal cancers. In contrast to the majority of colorectal tumors, PJS is not caused by mutations in the APC gene (21, 22) . Since PJS is an inherited disease with an increased risk for gastrointestinal cancers (23), whether ß-catenin and IFITM1 play a similarly important role in the development of PJS polyps warrants further investigated. To date, research regarding the activation of ß-catenin and IFITM1 in PJS is lacking. Moreover, there are no available data on the relevant expression of LKB1 and ß-catenin signaling molecules in human colorectal tumors at different stages of progression.
In this study, we examined the expression profiles of LKB1, ß-catenin and IFITM1 in PJSs, and compared the findings to normal colorectal mucosas (NCs), CRAs and CRCs, to determine whether Wnt signaling plays a role in the pathogenesis of PJS and to identify its potential regulatory mechanisms in PJS.
Materials and methods
Patients and tissue samples. This research was carried out in accordance with the ethical guidelines of the Research Review Committee of our institution. Freshly frozen specimens and formalin-fixed paraffin-embedded tissues were available from 20 PJS patients from Nanfang Hospital, and these polyps were diagnosed histopathologically as hamartomatous polyps. Hematoxylin and eosin (H&E) staining was performed to determine the histology. The histologic aspects of the PJS polyps were unambiguous in all cases. Fig. 1 shows the typical histological characteristics of the PJS tumors.
The diagnostic criteria for PJS include the presence of characteristic mucocutaneous pigmentaion, the presence of small bowel hamartomatous polyps and a family history of PJS. Patients needed to fulfill two of these three criteria for a clinical diagnosis of PJS to be made (24) .
We also investigated a total of 50 colorectal tumors including 25 adenocarcinomas and 25 adenomas. In addition, the macroscopically and microscopically uninvolved areas of regular colonic mucosa in endoscopic resected segments of the colorectum from PJS patients were included in the investigations. The following factors were determined for all patients: age, gender, tumor size, tumor location (left location, right location or rectum) of PJSs and other colorectal tumors.
RNA isolation and semiquantitative RT-PCR. Total RNA was extracted from the frozen tissues using TRIzol reagent (Takala, Japan) according to the manufacturer's instructions for performing RT-PCR. The RNA concentration was quantitated by measuring the absorbance at 260 nm and was reversely transcripted to cDNA. RT-PCR was performed with 0.2 μg of RNA in a 32-cycle reaction (20 μl total volume; Fermentas, Lithuania) according to the manufacturer's recommendations. The cDNA samples were then subjected to PCR analysis using the following primers: GAPDH, forward 5'-CCATGGAGAAGGCTGGGG-3' and reverse 5'-CAAAGTTGTCATGGATGACC-3' (197-bp product); LKB1, forward 5'-CTGCTGAAAGGGATGCTTG-3' and reverse 5'-CACCGTGAAGTCCTGAGTGTAG-3' (252-bp product); ß-catenin, forward 5'-ACAAACTGTTTTGAAAA TCCA-3' and reverse 5'-CGAGTCATTGCATACTGTCC-3'; IFITM1, forward 5'-GGTGCTGTCTGGGCTTCAT-3' and reverse 5'-AGGCTATGGGCGGCTACT-3' (249-bp product). Cycle conditions of the PCR were as follows: initial denaturation (5 min at 95˚C) followed by 32 cycles of amplification consisting of denaturation (30 sec at 94˚C), annealing for 40 sec (GAPDH, 58˚C, LKB1, ß-catenin and IFITM1, 58˚C) and elongation (45 sec at 72˚C), and annealing (10 min at 72˚C). Products were separated by electrophoresis on a 2% agarose gel. The results were expressed as the ratio of the relative levels.
Immunohistochemistry and evaluation. The specimens were routinely fixed in formalin and subsequently embedded in paraffin. Before staining, 2-μm paraffin-embedded tissue sections were mounted on Superfrost Plus slides, deparaffinized with xylene and graded alcohol and then rehydrated with distilled water. Endogenous peroxidase activity was blocked by placing the slides in 3% hydrogen peroxidase/methanol for 10 min followed by a rinse with tap water. Antigen retrieval entailed placing the slides in a pressure cooker with an antigen unmasking solution (0.01 M citrate buffer, pH 6.0) for 1 min. Slides were subsequently incubated with the primary antibodies (4˚C overnight): rabbit polyclonal anti-IFITM1 (Boster, Wuhan, China), mouse monoclonal ß-catenin and polyclonal LKB1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), which were used at a dilution of 1:400. The slides were then incubated with secondary biotinylated anti-rabbit and anti-mouse IgG, and streptavidin-biotin peroxidase 3'3' diaminobenzidine (DAB) was used as chromogen. Finally, sections were counterstained with hematoxylin. The negative control included an empty control with normal secondary biotinylated IgG instead of the primary antibodies. Breast cancer tissue was used as a positive control.
Assessment of the expression of LKB1 and IFITM1 was based on the previous studies, respectively (25, 26) . Immunoreactivity for ß-catenin was estimated quantitatively with reference to previous repots (27) , and the staining of the membrane, cytoplasm and nucleus was assessed separately. Staining scores were calculated by semiquantitative optical analysis, using the multiplied product of the percentage of positive cells from 0 to 100 and the staining intensity from 1 to 3 (1, weak; 2, moderate; and 3, strong), which was then divided by 3, allowing for a range in scores from 0 to 100.
Double-labeled indirect immunofluorescence staining.
The slides were routinely deparaffinized with xylene and graded alcohol, permeabilized with 1% Triton in phosphate-buffered saline for 10 min, and incubated with 10% normal goat serum blocking solution (Bostor, Wuhan, China) for 1 h. Doublelabeled indirect immunofluorescence was performed with polyclonal anti-IFITM1 and monoclonal anti-ß-catenin (dilution 1:100), which were detected with fluoresceinconjugated anti-rabbit and rhodamine-conjugated anti-mouse secondary antibodies (both from Jackson, USA). The nuclei were visualized with DAPI (Sigma, 0.5g/ml), and the immunostainings were viewed and documented with a Zeiss Axiophot microscope.
Statistical analysis. Differences in mRNA expession were evaluated with one-way ANOVA. The ¯2 test was used to assess the reduced membranous expression. A one-way ANOVA and LSD were used to assess the differences in staining intensity. Spearman correlation coefficients were used to determine whether there was a positive or negative correlation. Differences were considered significant at values of P<0.05. Analyses were carried out using SPSS version 13.0 (SPSS, Chicago, IL, USA).
Results
Clinical characteristics of the Peutz-Jeghers syndrome patients. PJS polyps occur throughout the alimentary tract. In the present study we analyzed PJS polyps located in the colorectum. The clinicopathological features of the PJSs and the colorectal tumors are summarized in Table I . No significant differences were found for gender and location of the polyps among the PJSs, CRAs and CRCs (P>0.05). The Table I . Clinicopathologic characteristics of the patients. -
mean age of the patients bearing PJSs was significantly lower than the mean age of patients bearing CRAs and CRCs (P<0.001). In regard to the tumor size, there was no significant difference between PJSs and CRAs, whereas the size of the CRCs was significantly larger than that of the PJSs and CRAs (P<0.001).
LKB1, ß-catenin and IFITM1 expression in PJS hamartoma
polyps, CRAs and CRCs at the mRNA level. As shown in Fig. 2A , LKB1 mRNA expression in the NCs was signifiantly lower compared with that in the PJSs, CRAs and CRCs (P<0.001). There was no significant difference in LKB1 mRNA expression between the PJSs and CRAs (P>0.05), but the LKB1 mRNA in the PJSs was significantly lower than that in the CRCs (Fig. 2B, P<0 .001).
Expression of ß-catenin and IFITM1 mRNA in the NCs was significantly lower compared with that in the PJSs, CRAs and CRCs (Fig. 2B, P<0 .001). Expression of ß-catenin and IFITM1 mRNA in PJSs was significantly lower than that in the CRAs and CRCs (Fig. 2B, P<0 .001). The IFITM1 mRNA expression pattern was similar to the ß-catenin mRNA expression profile that showed explicit difference between the PJSs and CRAs (Fig. 2B, P<0 .001).
Protein expression of LKB1, ß-catenin and IFITM1 in PJS harmatoma polyps, CRAs and CRCs.
Representative profiles of immunostaining for LKB1, ß-catenin and IFITM1 are shown in Fig 3A. NCs were immunostained as the control (Fig 3A-a) . LKB1-, ß-catenin-and IFITM1-positive cells were mostly evenly scattered throughout the specimens, excluding some adenoma specimens (Fig 3A-d) which showed fractional expression. In the NCs, a faint staining of LKB1 was exhibited in the cytoplasm. Immunoreactivity of LKB1 was found in the cytoplasm of both the PJSs and CRA tumor cells, while moderate or strong cytoplasmic and nuclear expression was observed in most of the CRCs (Fig. 3A, left column) .
ß-catenin was detected on the cell membranes of most NCs (95.0%). The membranous expression of ß-catenin was lower in the PJSs (6/20, 30.0%), CRAs (11/25, 44.0%) and CRCs (17/25, 68.0%). The absence of membranous expression of ß-catenin in PJSs was significantly increased compared with that in the NCs, and decreased compared with that in the CRAs and CRCs (P<0.001).
In NCs the expression of IFITM1 was observed along the cell membrane. In PJSs, CRA and CRC tumor cells, immunostaining of IFITM1 was detected in the cytoplasm (Fig 3A, right column) . These proteins were predominantly present in the epithelium in the samples (Fig. 3A, left and  middle column) .
The immunostaining scores of LKB1, cytoplasmic expression of ß-catenin and IFITM1 in the carcinomas were significantly increased compared with those in the PJSs and CRA tumor cells (P<0.001). The differences in expression levels for LKB1, ß-catenin and IFITM1 were not significant between the PJSs and CRAs (Fig. 3B) .
Notably, four PJS polyps exhibited an absence of LKB1 expression (Fig. 3A-c, left) . Only membranous localization of immunostaining for ß-catenin was present in the same cases (Fig. 3A-c middle) . Very weak/absent immunostaining of IFITM1 was also found in the same PJS polyps (Fig. 3A-c  right) .
Correlation of LKB1, ß-catenin and IFITM1 expression.
Spearman correlations among the expression levels of LKB1, cytoplasmic accumulation of ß-catenin and IFITM1 are shown in Tables II and III . At the mRNA levels, the expression of LKB1 showed significantly positive correlations both with were found in the membrane and cytoplasm of sections from PJS polyps and neoplasia of the colorectum (yellow, merge). Images were captured at x400 magnification (n≥4). Table II . Correlations between the mRNA of the markers. 
Correlation was significant at the 0.05 level (2-tailed).
- Table III . Correlations between the immunostaining of the markers. 
Correlation was significant at the 0.05 level (2-tailed). b Correlation was significant at the 0.01 level (2-tailed).
ß-catenin (r=0.290, P=0.039) and IFITM1 (r=0.483, P=0.027). In the immunohistochemistry results, the correlation coefficients were LKB1, ß-catenin (r=0.557, P=0.000); ß-catenin, IFITM1 (r=0.610, P=0.000); LKB1, IFITM1 (r=0.226, P=0.033), respectively.
Immunofluorescence of colocalization of ß-catenin and IFITM1.
Immunofluorescence results demonstrated that the distribution of ß-catenin and IFITM1 were similar. In normal tissues they were located mostly in the membranes, and the densities of ß-catenin-and IFITM1-positive cells were low; in PJS tissues and colorectal tumors, there were more ß-catenin-and IFITM1-positive cells in the cytoplasm of epithelial cells. The double-labeled-positive cell for ß-catenin and IFITM1 commonly existed in the colorectal tumor cells (Fig. 4) .
Discussion
The premalignant potential of PJS hamartomas has not been fully established. LKB1 has a complex cellular role in PJS. Yet, the exact role of LKB1 in PJSs is particularly difficult to understand. Moreover, the role of the Wnt signaling pathway in PJS is controversial.
Immunohistochemical staining of polyps from PJS patients showed that the majority (16/20) of hamartomatous polyps exhibited LKB1 staining as previously demonstrated (28, 29) . Loss of membranous distribution but also cytoplasmic accumulation of ß-catenin staining in the same specimens which were positively stained for LKB1, and high expression for IFITM1 was also revealed in the serial slides. Expression levels of the three markers appeared higher in the PJSs than those in the NCs. These results suggest that Wnt signaling may be activated in a subset of Peutz-Jeghers syndrome polyps. These findings are consistent with previous reports: Back et al (20) and De Leng et al (22) reported that PJS hamartomatous polyps showed nuclear localization of ß-catenin in some epithelial cells; Andreu et al (17) reported that IFITM1 was especially induced in early stages of murine intestinal tumorigenesis. Thus, ß-catenin and IFITM1 may play a regulated role in the progression of PJS harmatomas. Molecular studies may help to define the premalignant potential of PJS hamartomas. Previous studies found that LKB1 expression was increased in cells undergoing continuous or rapid division in PJS (28) . Cytoplasmic expression of ß-catenin may be an unfavorable prognostic factor and might represent a higher malignant potential (30) (31) (32) . In addition, different levels of Wnt signaling activity are likely to account for distinct cellular activities such as proliferation and epithelial-mesenchymal transitions, which prompt tumor growth and malignant behavior (16) . IFITM1 was found to be the second most overexpressed gene in highly invasive clones (33) , and a high level of IFITM1 expression was found in early and late intestinal neoplasm. Thus, IFITM1 has been identified as a novel candidate gene for tumor invasion (17, 26) . Here, data demonstrated that their immunostaining scores were associated with the severity of cytoarchitectural atypia. Cytoplasmic staining of LKB1, ß-catenin and IFITM1 tended to be strong and intense in the cytological atypia epithelium of adenomas. Their protein expression was considerably attenuated in the normal epithelial cells. The expression profiles of LKB1, cytoplasmic ß-catenin and IFITM1 in PJSs were similar to those in CRAs both at the mRNA and protein levels, which suggest a common biological process in the progression of PJS and adenomatous polyps.
Our data demonstrated that the cytoplasmic ß-catenin level was significantly correlated with LKB1 and IFITM1 expression in the human tumors. Heterogeneous patterns of ß-catenin in PJS polyps may reflect activation of this pathway by other mechanisms, such as the expression of LKB1. The expression of LKB1 may result in an impaired catabolism of ß-catenin, with subsequent cytoplasmic accumulation and loss of membranous ß-catenin in PJS hamartomas. These results are consistent with a model in which LKB1 regulated GSK-3ß phosphorylation, then upregulating Wnt signaling and LKB1/XEEK1 is required for Wnt/ß-catenin signaling (13) . The regulatory mechanisms behind ß-catenin accumulation in PJSs are still under investigation. Increased expression of LKB1 might be one of the underlying factors for elevated cytoplasmic levels of ß-catenin in PJSs. LKB1 might be involved in the accumulation of cytoplasmic ß-catenin and IFITM1 in PJSs.
Recent studies reported that IFITM1 is the key regulator of ß-catenin signaling in gastrointestinal tumors (17, 18) . Our result suggested that IFITM1 expression was positively correlated with cytoplasmic ß-catenin level, and immunofluorescence results demonstrated that the distribution of ß-catenin and IFITM1 was similar. Double labeled-positive cells for ß-catenin and IFITM1 commonly existed in the human tumor tissues. ß-catenin was co-localized with IFITM1 in the cytoplasm in PJSs and colorectal tumor cells. Thus, the activated ß-catenin signaling pathway including IFITM1 might play an important role in a subset of PJS polyps.
Just as the immunohistochemical observations support some widespread functional role for LKB1 protein expression, loss of LKB1 may play a certain role in the pathogenesis of PJSs. Heterogeneous patterns of LKB1 expression were found in four PJS polyps, and the cellular distribution of ß-catenin and IFITM1 also displayed heterogeneous patterns in these PJS polyps. In the 4 cases which were stained negative for LKB1, only membranous localization of immunostaining for ß-catenin was present in the same PJS polyps, and very weak/absent immunostaining of IFITM1 was also found in the same PJS polyps, while in the other LKB1-positive PJS tissues, ß-catenin was in an activated state. This suggests disrupted Wnt/ß-catenin signaling in response to loss of LKB1 in epithelial cells of PJSs. The kinase activity and the cyto-plasmic localization of LKB1 are necessary for this protein to perform its function (34) . This implies that at least some of the targets of LKB1 are likely to be cytoplasmic.
To date, these conclusions remain speculative since the exact mechanisms of polyp formation in the hereditary polyposis syndromes of the hamartomatous type are not fully understood. Future investigations must focus on the specific interactions between the mutated gene products (LKB1) and the cellular ß-catenin regulatory system in PJSs and other types of human tumors. Recognition of this new mechanism of tumor initiation and progression will allow a new approach to the design of LKB1-regulated molecules.
